Human perception is more "global" when stimuli are viewed within the lower (rather than the upper) visual field. This phenomenon is typically considered as a 2-D phenomenon, likely due to differential neural processing within dorsal versus ventral cortical areas that represent lower versus upper visual fields, respectively. Here we test a novel hypothesis that this vertical asymmetry in global processing is a 3-D phenomenon associated with (1) higher ecological relevance of low-spatial frequency (SF) components in encoding near (compared with far) visual objects and (2) the fact that near objects are more frequently found in lower rather than upper visual fields. Using high-resolution fMRI, collected within an ultra-high-field (7 T) scanner, we found that the extent of vertical asymmetry in global visual processing in human subjects (n ϭ 10) was correlated with the fMRI response evoked by disparity-varying stimuli in human cortical area V3A. We also found that near-preferring clusters in V3A, located within stereoselective cortical columns, responded more selectively than far-preferring clusters, to low-SF features. These findings support the hypothesis that vertical asymmetry in global processing is a 3-D (not a 2-D) phenomenon, associated with the function of the stereoselective columns within visual cortex, especially those located within visual area V3A.
Introduction
Humans perceive visual stimuli more "globally" (as opposed to "locally") when stimuli are presented within the lower visual field (LVF) compared with the upper visual field (UVF; Previc, 1990; Christman, 1993; Levine and McAnany, 2005) . This vertical asymmetry is (at least partly) due to relatively higher sensitivity to lower spatial frequency (SF) components [Յ1.0 cycles per degree (c/deg)], which are important for global processing (Shulman et al., 1986; Shulman and Wilson, 1987; LaGasse, 1993; Robertson et al., 1993; Flevaris et al., 2010) , in LVF compared with UVF (Skrandies, 1987; Niebauer and Christman, 1998; Thomas and Elias, 2011) . Although this asymmetry has been known for decades, its underlying neural mechanisms remain little known (Liu et al., 2006) , partly due to technical challenges identifying the small (and spatially restricted) low-and higher-SF preferring sites within visual cortex (Tootell and Nasr, 2017) . Such finescale structures may not be directly resolved using conventional neuroimaging techniques in humans.
Recently, by taking advantage of high-resolution fMRI, we showed that low-SF (Յ0.3 c/deg) and higher SF-preferring clusters in humans are localized within thick-and thin-type columns (respectively) across areas V2, V3, and V3A (Tootell and Nasr, 2017) . These thin-and thick-type columns were localized based on their stereoselectivity and color selectivity, respectively. Their columnar (radial) organization was shown based on (1) similarity between the activity patterns evoked across cortical layers and (2) comparison of the level of correlation across versus within layers (Nasr et al., 2016; Nasr and Tootell, 2018) . The existence of these columns and their differential sensitivity to additional functional properties are consistent with findings based on invasive techniques in nonhuman primates (NHPs; for review, see Tootell and Nasr, 2017) .
Here, we hypothesized that vertically asymmetric global processing is reflected in the activity evoked within stereoselective columns that represent LVF versus UVF across visual cortical areas. Since V3A showed a stronger low-SF selectivity compared with V2 and V3 (Gaska et al., 1988; Tootell and Nasr, 2017) , we also expected a stronger link between the level of vertical asymmetry in global processing (i.e., behavior) and neural processing within V3A, compared with that in earlier visual areas.
An extension of this hypothesis is that this vertical asymmetry may be a 3-D (not 2-D) phenomenon, reflecting a hypothetically higher ecological relevance of low SFs in visual encoding within near, compared with far, space. This hypothesis is supported by several considerations. First, in real-life vision, near objects are more frequently located within the LVF compared with the UVF (Yang and Purves, 2003) . Second, the perception of near (compared with far) objects may rely more on low-SF features likely due to spatial blurring-visual features emphasizing luminancegraded (e.g., low-SF) borders are generally perceived as nearer compared with those in which higher-SF features are relatively enhanced (Marshall et al., 1996; Mather and Smith, 2000; Sprague et al., 2016) .
Our experiments specifically tested whether the asymmetry in global visual processing is reflected as a differential sensitivity to low-SF stimuli evoked within near-versus far-preferring clusters, distributed within stereoselective columns. Although NHP (Adams and Zeki, 2001; Tanabe et al., 2005; Chen et al., 2008) and human (Nasr and Tootell, 2018) studies reported that near-compared with far-preferring neurons are more frequently found in the cortical representation of the LVF compared with the UVF, to our knowledge, no previous study has compared the sensitivity of near-versus far-preferring neural clusters, in any visual area, at low SFs.
We scanned 10 human subjects using high-resolution fMRI. The results confirmed an association between vertical asymmetry in global processing and the response evoked by depth-varying stimuli within human V3A-a cortical area heavily involved in stereovision (Tsao et al., 2003; Neri et al., 2004; Goncalves et al., 2015; Tootell and Nasr, 2017) . In subsequent experiments, we showed a higher sensitivity to low-SF features in near-compared with far-preferring clusters. These findings suggest that the vertical asymmetry in global visual processing is a 3-D phenomenon, associated with differential low-SF sensitivity of near-versus farpreferring clusters.
Materials and Methods

Participants
Eighteen human subjects (9 female), 22-40 years of age, participated in the behavioral test (Experiment 1). Ten of 19 subjects (5 female) were selected (regardless of their behavioral performance) to participate in the subsequent imaging test (Experiment 2). Among them, eight subjects (four female), also agreed to participate in Experiments 3 and 4. All subjects had normal or corrected-to-normal vision and radiologically normal brains, without any history of neuropsychological disorder. All experimental procedures conformed to NIH guidelines and were approved by Massachusetts General Hospital protocols. Written informed consent was obtained from all subjects before the experiments.
General procedures
Each subject was scanned multiple times (on different days) in a Siemens 7 T scanner (Siemens Healthcare) to localize the stereoselective thicktype columns (Nasr et al., 2016) and near-and far-preferring clusters within them (two sessions), and also to localize color-selective thin-type columns (one session; Nasr et al., 2016) . Eight of 10 subjects also participated in additional scan sessions to measure sensitivity to 2-D spatial frequency (two sessions) and 3-D spatial configuration (one session) within their near-and far-preferring clusters. All 10 subjects were also scanned in a 3 T scanner (TIM Trio, Siemens Healthcare) in one additional session, for structural and retinotopic mapping (one session).
Visual stimuli
During the behavioral test outside the scanner, stimuli were presented via an LCD monitor, positioned 57 cm in front of the viewers. Subjects were instructed to position their chins on a chin rest to fix their head position relative to the monitor.
Inside the scanner, stimuli were presented via a projector (1024 ϫ 768 pixel resolution, 60 Hz refresh rate) onto a rear-projection screen, viewed through a mirror mounted on the receive coil array. In MATLAB 2018a (MathWorks), The Psychophysics Toolbox (Brainard, 1997; Pelli, 1997) was used to control stimulus presentation. Experiment 1. Outside the scanner, we measured each subjects' threshold as a "just noticeable difference" (JND) in detecting a small change in SF in the upper versus lower hemifields. In each trial, subjects were presented simultaneously with four gratings of either low (0.3 c/deg) or higher (3.0 c/deg) SF with different phase values, plus a small fixation target (0.1°ϫ 0.1°) presented at the center of screen ( Fig. 1 ). Each grating was presented within a circular aperture (r ϭ 3.9°), positioned in one corner of screen, with a center-to-center distance of 11.4°between adjacent apertures. Gratings were presented only for a short time (100 ms), remained without any change (i.e., statically) within the trial, then were followed by presentation of a spatially uniform gray screen.
Before the onset of each trial, one of the four target locations was chosen randomly (25% chance), and the SF of the grating in that location was changed (i.e., increased or decreased) slightly relative to the SF in the other three apertures. The level of this change (⌬SF) was controlled using a staircase method (Pelli, 1997) to adjust each subject's response accuracy toward 75%. This adjustment was made between trials, independently for low versus higher SFs and for LVF versus UVF (i.e., 2 ϫ 2 design). Subjects were instructed to report the hemifield (upper vs lower) in which the SF of the grating differed from the others by pressing a key on the keypad, in a two-alternative forced choice (2AFC) procedure. The subsequent trial began with a delay (1.5 Ϯ 0.5 s) following a subject's response. This procedure increased the overall efficiency (compared with testing left and right hemifields separately). Moreover, use of the spatially balanced design, plus the short stimulus presentation time (100 ms), likely helps to control eye movement stability, compared with testing stimulus locations in isolation. Each subject participated in 50 trials per condition (i.e., 200 trials in total). Accuracy was stressed more than speed.
Experiment 2. In different blocks, subjects were presented with random dot stereogram (RDS; Julesz, 1971 ) stimuli, extending 20°ϫ 20°in the visual field. These stimuli formed a stereoscopic percept of a regular array of depth-based cuboids that varied sinusoidally either in front (near; 0°-0.22°) or behind (far; Ϫ0.22°-0°) the fixation spot with independent phase, similar to stimuli described earlier (Tsao et al., 2003; Neri et al., 2004; Bridge and Parker, 2007; Minini et al., 2010; Nasr and Tootell, 2018) . In the control condition, the fused percept formed a 2-D frontoparallel plane intersecting the fixation target (i.e., zero depth at that point). Subjects viewed the stimuli through custom anaglyph spectacles using Kodak Wratten filters No. 25 (red) and No. 44A (cyan). Each run consisted of nine blocks of 24 s each, showing one of the three possible stimulus conditions (i.e., three repetitions for each condition). The sequence of blocks was randomized. Each run began and ended with an additional block (12 s) showing a spatially uniform ("blank") achromatic field. Each subject participated in 12 runs per session, during which 960 functional volumes were collected (for more details, see Nasr and Tootell, 2018) .
Experiment 3. In a block design experiment, subjects were presented with gratings of differing SFs (0.1, 0.27, 0.73, 2.08, and 5.79 c/deg) and achromatic contrasts (1.43%, 5.25%, 15.95%, 50.14%, and 99. 62%) across different blocks, in a 5 ϫ 5 design (i.e., 25 different experimental conditions), extending 20°ϫ 20°in the visual field. In each block, grating orientation and phase changed every 4 and 1 s, respectively. Each run consisted of 15 blocks of 16 s each, showing 1 of the 25 possible stimulus conditions without any repetition within the run. Each run began and ended with an additional block (12 s) of uniform gray of equivalent mean luminance. During these runs, subjects were required to do a color change detection for a very small, centrally located fixation spot whose color varied between dark versus light green every few seconds (1.5 Ϯ 0.5 s). Each subject participated in two scan sessions, with 12 runs (1056 functional volumes) per session.
Experiment 4. Stimuli were 3-D checkerboards, generated based on sparse (5%) RDS. Across different blocks, check size was varied, forming different 3-D cubic arrangements (3 ϫ 4, 6 ϫ 8, 12 ϫ 16, and 24 ϫ 32). Within each block, the level of disparity varied between 0.22°and Ϫ0.22°a nd stimuli extended 20°ϫ 20°in the visual field. In the control condition, presented within separate blocks, the RDS stimuli formed a uniform (1 ϫ 1) 2-D frontoparallel plane intersecting the fixation target (i.e., zero depth at that point; i.e., five experimental conditions in total). Each experimental run included 10 blocks (24 s/block), plus 12 s of uniform blank presentation at the beginning and end of the runs. Each subject participated in 12 runs per session, during which 1248 functional volumes were collected. During these runs, subjects were required to do a shape change detection task for a centrally selected fixation spot, whose shape varied between a circle and a square every seconds few (1.5 Ϯ 0.5 s).
Localizer scans. To localize stereoselective columns, subjects were presented with RDS stimuli, extending 20°ϫ 20°in the visual field. In 50% of blocks, these stimuli formed a stereoscopic percept of a regular array of depth-based cuboids that varied sinusoidally (between 0.22°and 0.22°) relative to the frontoparallel plane that intersected the fixation spot, similar to a stimulus described earlier (Tsao et al., 2003; Neri et al., 2004; Bridge and Parker, 2007; Minini et al., 2010) . Importantly, these stimuli differed from those used in Experiment 2, in which the disparity level ranged between either Ϫ0.22°to 0°or 0°to Ϫ0.22°across different blocks. Data from Experiments 2 and 4 were collected during independent scan sessions.
In the other half of each block, the fused percept formed a 2-D frontoparallel plane intersecting the fixation target (i.e., zero depth at that point). Subjects viewed the stimuli through custom anaglyph spectacles using Kodak Wratten filters No. 25 (red) and No. 44A (cyan). Other details, such as the stimuli and the paradigm, have been reported previously (Nasr et al., 2016) . The results of Experiment 2 were used to detect and localize near-versus far-preferring clusters within the stereoselective (thick-type) columns (Nasr et al., 2016; Nasr and Tootell, 2018) .
To ensure that these stereoselective columns did not overlap with the color-selective columns, we also localized color-selective (thin-type) columns. Briefly, in different blocks, subjects were presented with isoluminance color-varying and luminance-varying gratings. All stimuli extended 20°ϫ 20°in the visual field. Grating stimuli were presented at different orientations (0°, 45°, 90°, or 135°), drifting in orthogonal directions (reversed every 6 s) at 4 deg/s. Vertices that showed overlapping stereoselective and color-selective activity were excluded from our analysis. Other details have been reported previously (Nasr et al., 2016) .
Retinotopic mapping. Details of retinotopic mapping have also been reported previously (Nasr et al., 2011) . Briefly, stimuli were color-and luminance-varying images of scenes and face mosaics, which were presented within retinotopically limited apertures, against a gray background. The retinotopic apertures included horizontal/vertical meridian (radius, 10°; polar angle, 30°) wedges, upper/lower hemifield (radius, 10°; polar angle, 150°) wedges, a foveal disk (radius, 0°-1.5°), and a peripheral ring (radius, 5°-10°), presented across different blocks. To confirm the borders of retinotopic areas, in two subjects we also presented phase-encoded, contrast-reversing (1 Hz) checkerboards within continuously rotating rays or continuously expanding/contracting ring stimuli, in different runs/experiments. Details of this procedure have been described previously (Sereno et al., 1995) .
Imaging
The main MRI experiments were conducted in a 7 T Siemens whole-body scanner equipped with SC72 body gradients (70 mT/m maximum gradient strength and 200 T/m/s maximum slew rate) using a custom-built 32-channel helmet receive coil array, and a birdcage volume transmit coil (Keil et al., 2010) . To acquire functional images, we used a single-shot gradient-echo EPI with 1.0 mm isotropic voxels with the following protocol parameter values: TR ϭ 3000 ms; TE ϭ 28 ms; flip angle ϭ 78°; matrix ϭ 192 ϫ 192; band width (BW) ϭ 1184 Hz/pixel, echo-spacing ϭ 1 ms; 7/8 phase partial Fourier; FOV ϭ 192 ϫ 192 mm; 44 obliquecoronal slices; and acceleration factor r ϭ 4 with GRAPPA (generalized autocalibrating partially parallel acquisitions) reconstruction and FLEET Figure 1 . A schematic representation of the behavioral paradigm used in Experiment 1, along with subjects' behavioral performance during those tests. A, The stimuli are presented in one exemplar trial, during which subjects were instructed to look at the fixation spot (small red dot) presented at the center of screen and detect the hemifield (UVF vs LVF) in which the "odd" grating was presented. B, The individually normalized JND for discriminating low-and high-SF gratings in LVF and UVF. On average, subjects showed a higher JND for discriminating low-SF (but not high-SF) gratings in UVF compared with LVF (i.e., a vertical symmetry). C, This asymmetry is more directly shown by presenting the measured difference in JND between UVF and LVF for discriminating the low-and high-SF gratings. Error bars represent 1 SEM.
Figure 2.
Activity evoked by depth-varying RDS stimuli within the occipital visual cortex of two individual subjects (shown on left and right, respectively), each overlaid on their own inflated brains. A, B, Activity evoked by disparity-varying stimuli ranging between 0°and 0.4°(i.e., near space) and Ϫ0.4°to 0°(i.e., far space), respectively, all compared with activity evoked by an otherwise equivalent stimuli presented at a constant frontoparallel plane that intersected the fixation spot (i.e., zero depth). Consistent with previous studies in humans at both high (Nasr et al., 2016; Tootell and Nasr, 2017; Nasr and Tootell, 2018) and conventional (Tsao et al., 2003; Neri et al., 2004) fMRI resolution, we found depth-sensitive activity within visual areas V1, V2, V3, and V3A (see Materials and Methods). C, Activity evoked by the more detailed contrast of "far-near"-selective activity, within occipital visual cortex of the same individuals. Near-preferring (blue to cyan) and far-preferring (red to yellow) clusters can also be found in different visual areas. For each subject, the borders of retinotopic visual areas (black dashed lines) are defined based on an independently collected set of retinotopic stimuli and scans.
(fast low-angle excitation echoplanar technique)-ACS (autocalibration signal) data with a 10°flip angle. The field of view fully covered the occipital cortical areas V1, V2, V3, and V3A (but not always MT).
Retinotopic mapping was conducted using a 3 T Siemens scanner (TIM Trio) and the vendor-supplied 32-channel receive coil array. Functional data were acquired using single-shot gradient-echo EPI, with nominally 3.0 mm isotropic voxels using the following protocol parameters: TR ϭ 2000 ms; TE ϭ 30 ms; flip angle ϭ 90°; matrix ϭ 64 ϫ 64; BW ϭ 2298 Hz/pixel; echo-spacing ϭ 0.5 ms, without partial Fourier, FOV ϭ 192 ϫ 192 mm; 33 axial slices covering the entire brain; and no acceleration.
Structural (anatomical) data were acquired using a 3-D T1-weighted MPRAGE sequence with the following protocol parameter values: TR ϭ 2530 ms; TE ϭ 3.39 ms; TI ϭ 1100 ms; flip angle ϭ 7°; BW ϭ 200 Hz/pixel, echo spacing ϭ 8.2 ms; voxel size ϭ 1.0 ϫ 1.0 ϫ 1.33 mm 3 ; and FOV ϭ 256 ϫ 256 ϫ 170 mm 3 .
Data analysis
Functional and anatomical MRI data were preprocessed and analyzed using FreeSurfer and FS-FAST (version 6.0; http://surfer.nmr.mgh. harvard.edu/; Fischl, 2012) . For each subject, inflated and flattened cor-tical surfaces were reconstructed based on the high-resolution anatomical data Fischl et al., 1999 Fischl et al., , 2002 .
All functional images were corrected for motion artifacts. The 3 T functional data, collected for retinotopic mapping, were spatially smoothed (Gaussian filtered with a 5 mm FWHM). However, no spatial smoothing was applied to the main imaging data acquired at 7 T (i.e., 0 mm FWHM). For each subject, functional data from each run were rigidly aligned (6 df) relative to his/her own structural scan, using rigid boundary-based registration (Greve and Fischl, 2009 ). This procedure enabled us to combine and average data collected for each subject across multiple scan sessions.
A standard hemodynamic model based on a gamma function was fit to the fMRI signal to estimate the amplitude of the BOLD response (Boynton et al., 1996; Courtney et al., 1997; Dale and Buckner, 1997) . For each individual subject, the average BOLD response maps were calculated for each condition (Friston et al., 1999) . Finally, voxelwise statistical tests were conducted by computing contrasts based on a univariate general linear model, and the resultant significance maps were projected onto the subject's anatomical volumes and reconstructed cortical surfaces.
To reduce the impact of pial veins on evoked activity maps (Yacoub et al., 2008; Polimeni et al., 2010; Nasr et al., 2016) , brain activity was sampled from the deepest (as opposed to more superficial) cortical layers. Accordingly, for each subject the gray matter-white matter ("deep") interface was detected based on their own high-resolution structural scans (see above) using FreeSurfer Fischl et al., 1999 Fischl et al., , 2002 . To measure the fMRI activity, the percentage fMRI signal change was calculated for those functional voxels that intersected this gray matter-white matter interface, and the resultant values were projected onto the corresponding vertices of the surface mesh.
Region of interest
Borders of regions of interest (ROIs), including V1, V2, V3, and V3A, were defined for each subject based on her/his own retinotopic mapping (see above). Stereoselective columns were localized functionally by contrasting the activity evoked by disparity-varying RDS that formed 3-D versus 2-D stimuli (Nasr et al., 2016) . Near-versus far-preferring clusters within the stereoselective columns were also localized functionally during a separate set of scans by contrasting the activity evoked by disparityvarying RDSs that formed near versus far stimuli (Experiment 2; Nasr and Tootell, 2018) .
Statistical analysis
Statistical tests were based on repeated-measures ANOVA. When necessary (based on the Mauchly's test), results were corrected for violation of the sphericity assumption, using the Greenhouse-Geisser method. In Experiment 3, to test the reliability of potential effects, a group factor (first vs second scan) was also considered in all ANOVA tests. In an ROI-based analysis, we did not find any difference between activity evoked within left versus right hemispheres. Therefore, data from both hemispheres were averaged together to enhance the signal-to-noise ratio. In all cases, data were tested for normality before choosing the statistical test ( p Ͻ 0.05 was considered significant).
To test the association between the evoked fMRI activity and the subject's behavior (Experiment 2), we used a linear regression model (behavior ϳ1 ϩ fMRI ϩ fMRI ϫ cluster type). This analysis enabled us to test whether behavior showed a different type of association with activity evoked within each cluster type (near-vs far-preferring). All resultant p values were corrected for multiple comparisons (V2 vs V3 vs V3A), using a Bonferroni correction method. Subsequently, to test the significance of differences between the correlations across visual areas (see Results), we used a second linear regression model (behavior ϳ1 ϩ fMRI ϩ fMRI ϫ cluster type ϩ fMRI ϫ area ϩ fMRI ϫ cluster type ϫ area). All statistical analyses were conducted using the MATLAB (2018a) Statistics and Machine Learning Toolbox (MathWorks).
Data availability
Data are available on request from the authors. Figure 2 . In V3A, near-preferring activity (blue to cyan) occupied a larger portion of the surface area (here, and across a range of thresholds) compared with far-preferring (red to yellow) clusters, on average. The location of near-and far-preferring clusters across individuals showed no systematic organization, at least in the current sample. In each panel, areas V2, V3, and V3A are indicated by black, white, and green arrowheads, respectively. Other details are similar to those in Figure 2 .
Results
Experiment 1: vertical asymmetry for perception of low SF
We conducted psychophysical measurements in 19 participants to measure the level of vertical asymmetry in global perception, using stimuli matching those used later during fMRI experiments. A 2AFC procedure was used to measure the JND in discriminating variations in SF, centered at either low (0.3 c/deg) or higher (3.0 c/deg) SFs (i.e., 100 ϫ ⌬SF/SF), at 75% response accuracy (see Materials and Methods). Consistent with previous studies, subjects showed a higher JND in the UVF compared with the LVF for discriminating low SFs, but not higher SF gratings (Fig. 1) . We applied a two-way repeated-measures ANOVA [hemifield (LVF vs UVF) and SF (low vs higher)] to the measured thresholds, which showed significant effects of hemifield (F (1, 18) ϭ 5.26, p ϭ 0.03), SF (F (1,18) ϭ 16.22, p Ͻ 10 Ϫ3 ), and SF ϫ hemifield (F (1,18) ϭ 4.47, p ϭ 0.04). These results confirmed that this vertical asymmetry was selective for low-SF stimuli, rather than a broader response bias.
Experiment 2: is the asymmetry in low-SF processing associated with activity within near-versus far-preferring clusters?
Next, we tested whether the level of asymmetric low-SF sensitivity (measured behaviorally) was associated with the fMRI response evoked within stereoselective columns (n ϭ 10). In other words, we tested whether subjects who show a stronger stereoselective activity also show a stronger asymmetric low-SF sensitivity. Figures 2 and 3 show activity evoked by depth-varying stimuli (see Materials and Methods) within near versus far distances across V1, V2, V3, and V3A. These maps of near versus far activity were robust and consistent across the two scan sessions (see Materials and Methods) in all individuals (Fig. 4) . A similar consistency (across sessions) was noted in maps in V2 and V3 (Nasr et al., 2016) .
Consistent with our hypothesis, the association between vertical asymmetry in global processing and the function of the stereoselective cortical columns, we found a significant correlation A Pearson test of correlation in data collected from each subject showed a significant (r Ͼ 0.23; p Ͻ 10 Ϫ4 ) correlation between activity evoked across these two sessions. Since it could be argued that the potential correlation within/between sessions was complicated by nonindependence of activity in adjacent vertices, we also used a stricter test in which (instead of using all V3A vertices), we randomly selected 10% of vertices, and measured the level of correlation between their activity across the two sessions. These correlation coefficients were compared relative to the chance level, defined as the level of correlation after randomly misaligning (i.e., spatially "shuffling") V3A vertices between the two sessions. We repeated this test 10,000 times for each subject. In all subjects, we found the probability of finding a correlation coefficient that was less than the correlation coefficient of misaligned vertices (i.e., the null hypothesis) was Ͻ0.01. These results support the reliability/reproducibility of these activity maps between scan sessions. Data from both hemispheres are combined in these analyses.
between the level of vertical asymmetry in low-SF discrimination [measured behaviorally as UVF JND -LVF JND (Experiment 1)] and the level of stereoselective fMRI activity evoked within V3A. Linear regression showed a significantly higher vertical asymmetry in low-SF discrimination in those subjects who showed a stronger stereoselective response (␤ ϭ 0.64; p Ͻ 0.01; corrected for multiple comparison; see below). This association was similar for activity evoked by "near-zero disparity" and "far-zero disparity" contrasts, without any significant moderator effect of depth direction (i.e., near vs far, p ϭ 0.73; Fig. 5 ).
Next, we tested whether this correlation was quantitatively limited to cortical area V3A, or whether it was evident in lowertier cortical areas V2 and V3. In both of those areas, the analysis used above did not yield any significant correlation between the subject's vertical asymmetry and the stereoselective fMRI response evoked within stereoselective (thick-type) columns within V2 ( p ϭ 0.12) or V3 ( p ϭ 0.15). All p values were corrected for multiple comparisons using a Bonferroni correction.
Then, to test whether this difference between correlation values across areas V2 versus V3 versus V3A was significant, we used a second regression model in which each visual area was considered as an independent factor (see Materials and Methods). The results showed a significant moderator effect of visual area (i.e., behavior ϳ1 ϩ fMRI ϫ area; ␤ ϭ 0.45; p Ͻ 10 Ϫ3 ). Thus, vertical asymmetry in the low-SF JNDs was more directly associated with activity evoked within V3A, compared with earlier visual areas V2 and V3.
Experiment 3: SF preference in near-versus far-preferring clusters based on 2-D stimuli
The results of Experiments 1 and 2 suggest that at least one aspect of vertical asymmetry in global processing (i.e., sensitivity to low-SFs) is predictable based on the fMRI response evoked within area V3A by depth-varying stimuli. Here, we tested for a difference between low-SF selectivity of near-versus far-preferring clusters, as suggested by our hypothesized 3-D mechanism for this vertical asymmetry. fMRI activity was measured within nearand far-preferring clusters in response to sinusoidal gratings with different SFs (0.10, 0.27, 0.73, 2.08, and 5.79 c/deg) and contrasts (1.40%, 5.25%, 16.00%, 50.10%, and 99.60%), presented in a 5 ϫ 5 blocked design (see Materials and Methods). Analyses focused on V3A, but included V2 and V3 as well, partly as control conditions. To increase the level of signal averaging, and to measure the reliability of the results, each subject was scanned twice, on different days.
In all three cortical areas, the results showed that the higher sensitivity to low-SF components was more prominent in nearpreferring compared with far-preferring clusters, especially at higher contrasts (Fig. 6) . A three-factor repeated-measures ANOVA [SF, contrast and cluster type (near vs far preferring)], with a group factor (first vs second session), showed a significant effect of cluster type ϫ SF interaction (F (4,48) Ͼ 7.13, p Ͻ 10 Ϫ3 ) on activity measured within V2, V3, and V3A. This result suggests a higher fMRI response to lower-SF stimuli in near-preferring compared with far-preferring clusters (Table 1 ). These results also support the hypothesis that the asymmetric visual global processing reflects a stronger low-SF sensitivity in nearpreferring compared with far-preferring clusters. In neither ROI did we find a significant interaction between the effect of scan sequence and the other independent factors ( p Ͼ 0.24), thus supporting the reliability of our findings.
The results of this experiment also showed a systematic shift in the preferred SF, in V2 (0.27 c/deg), and V3 and V3A (0.10 c/deg), regardless of the visual depth preference of the ROI (Fig. 6) . Consistent with this observation, a three-factors repeatedmeasures ANOVA (SF and cluster type and area) with a group factor (first vs second scan session), applied to activity evoked by high contrast (contrast ϭ 99.6%), stimuli showed a significant interaction between SF ϫ area effects (F (8,96) ϭ 18.55, p Ͻ 10 Ϫ5 ; Table 2 ). Thus, a stronger correlation between the V3A fMRI response and asymmetric global processing (indexed by low-SF components) compared with lower stage visual areas could be due to a lower SF preference in V3A compared with earlier areas (see also Experiment 4). In all of these tests, the effect of group, and its interaction with other factors, remained nonsignificant ( p Ͼ 0.27), thus supporting the reliability of our findings.
In cortical areas V2 and V3, the retinotopic mapping of upper versus lower visual fields is more precise compared with highertier areas (Engel et al., 1997; Wade et al., 2002; Sereno et al., 2013) . This is due to the increase in receptive field size and scatter in higher-level compared with lower-level visual areas (Hubel and Wiesel, 1974; Gattass et al., 1987; Smith et al., 2001; Dumoulin and Wandell, 2008 ) that affects the localization of dorsal versus ventral borders in higher-level visual areas including V3A. At least in V2 and V3, it could be argued that this differential low-SF sensitivity between near-and far-preferring clusters could reflect a heterogeneous distribution of near-and far-preferring clusters within the cortical representations of the LVF and UVF (Nasr and Tootell, 2018) .
To address this possibility, we tested whether the observed differences between the low SF-related response in near-versus far-preferring clusters was due to a secondary difference between activity evoked within "dorsal versus ventral" stereoselective columns, independent of their "near versus far" depth preference. In this test, dorsal versus ventral stereoselective columns were individually defined for each subject, based on the location of stereoselective columns relative to the cortical representation of the lower versus upper visual field, mapped retinotopically (see Materials and Methods). The above analysis was applied to activity measured within dorsal versus ventral (rather than near vs far) stereoselective columns in V2 and V3. The results showed neither Figure 5 . The amount of vertical asymmetry in global visual processing is associated with the level of depth-sensitive fMRI activity evoked within area V3A. Subjects that showed a stronger stereoselective fMRI activity (evoked by depth-varying RDS stimuli) showed a stronger difference between JNDs for low-SF discrimination (an index of global visual processing) in LVF compared with UVF ( Fig. 1 ). Red and blue circles show selective activity evoked in one subject by near and far stimuli, respectively. All fMRI values were measured relative to the activity evoked by zero-depth RDS stimuli. a significant cluster type ϫ SF (F (4,48) Ͻ 2.57, p Ͼ 0.12) nor cluster type ϫ SF ϫ contrast (F (16, 192) Ͻ 1.69, p Ͼ 0.15) interactions (Table 3) .
We then applied the same test to activity measured in colorselective columns and/or the whole visual areas (see Materials and Methods). We found no apparent difference between the response to low-SF gratings in dorsal versus ventral areas (Fig. 7) in any of these areas. We found only a stronger sensitivity to mid-SF (0.73 c/deg) gratings in V2 dorsal versus ventral colorselective columns. However, V3 color-selective columns showed an opposite effect, making it unlikely that color-selective col-umns contribute to vertically asymmetric global configuration encoding. Thus, the differential SF sensitivity between nearpreferring and far-preferring clusters supported a primary difference between cortical mechanisms specialized for near versus far space, rather than a secondary selectivity based on "LVF versus UVF" representations.
Experiment 4: SF preference in near-versus far-preferring clusters in 3-D stimuli
We next tested whether the higher sensitivity to 2-D low SFs in near-preferring compared with far-preferring clusters (as pre- Stronger low-SF selectivity of near-preferring clusters can be seen in V2, V3, and V3A, across different stimulus contrast levels. Area V3A showed a preference for lower SFs, compared with V2 and V3. Activity within near-and far-preferring clusters is indicated by red and green lines, respectively. Error bars represent 1 SEM. dicted by our hypothesis, and as supported by the results of Experiment 3) also generalized to 3-D cues. Stimuli were 3-D checkerboards generated using RDS, in which 3-D check size varied across the experimental blocks (i.e., 3 ϫ 4 vs 6 ϫ 8 vs 12 ϫ 16 vs 24 ϫ 32; see Materials and Methods). It was not possible to directly convert and compare 3-D configuration to 1-D spatial frequency (Experiment 3). Nevertheless, fundamental spatial frequencies in the 3 ϫ 4, 6 ϫ 8, 12 ϫ 16, and 24 ϫ 32 stimulus configurations include 0.075, 0.15, 0.3, and 0.6 c/deg (i.e., relatively low SF), along either horizontal or vertical directions. This means that, compared with Experiment 3 (in which we found a difference in response to low-SF, but not high-SF, stimuli in nearvs far-preferring clusters), Experiment 4 had a more limited range of stimuli. Therefore, rather than a significant cluster type ϫ check size interaction (as we found in Experiment 3 as a significant cluster type ϫ SF; see above), we expected a significant effect of cluster type. fMRI activity was measured relative to the 1 ϫ 1 (zero-disparity) configuration. Figure 8 shows the responses evoked by these 3-D checkerboards in near-and far-preferring clusters in V3A, along with responses in earlier visual areas V2 and V3. In all three areas, stereoselective columns showed a stronger response to larger 3-D check configurations (i.e., 3 ϫ 4 and 6 ϫ 8) compared with the smaller ones (i.e., 12 ϫ 16 and 24 ϫ 32). Moreover, in all three areas, near-preferring clusters showed more sensitivity to the 3-D stimulus configuration, compared with far-preferring clusters. Furthermore, we noticed an apparent shift in the preferred stimulus configuration, from a 6 ϫ 8 to a 3 ϫ 4 configuration, between V2 to V3 to V3A, as we found previously based on 2-D gratings (see Experiment 3). A three-factor repeated-measures ANOVA (check size, cluster type, and area) showed significant effects of check size (F (3,18) ϭ 27.83, p Ͻ 10 Ϫ5 ), cluster type (F (1, 6) ϭ 12.80, p ϭ 0.01), and area ϫ check size (F (6,36) ϭ 16.68, p Ͻ 10 Ϫ3 ; Table 4 ). Thus, the differences in SF sensitivity between the near-and far-preferring clusters were not limited to their responses to 2-D stimuli; the differences also extended to more complicated 3-D cues, despite the broad stimulus differences between 3-D checks and 2-D gratings.
As in Experiment 3, we also checked whether a difference in check size sensitivity was found between LVF and UVF stereoselective regions, regardless of their near versus far depth preference ( Fig. 9 ). Again, a three-factor repeated-measures ANOVA [check size, area, and cluster type (dorsal vs ventral)] confirmed significant effects of check size (F (4,18) ϭ 20.19, p Ͻ 10 Ϫ4 ), and area ϫ check size (F (3, 18) ϭ 14.30, p Ͻ 10 Ϫ3 ), without a significant effect of cluster type (F (1,6) ϭ 0.08, p ϭ 0.79) and/or interaction between this effect and the effect of other independent factors (F Ͻ 1.26, p Ͼ 0.32; Table 5 ).
Similar results were found when we applied this analysis to activity within dorsal versus ventral color-selective columns, and also the cortical representation of LVF and UVF, regardless of their stereoselectivity/color selectivity (Table 6 ). Other than a stronger check size sensitivity in ventral compared with dorsal color-selective columns (i.e., opposite to the pattern expected from the vertical asymmetry in configuration encoding), we did not find any difference between activity evoked across the ROIs. Thus, these results support our hypothesis that sensitivity to check size (3-D configuration) differs between near-and farpreferring clusters; it was not a secondary effect of sampling from the cortical representations of UVF versus LVF (see Discussion).
Discussion
The statistics of natural scenes, and a typical observer's extensive experience viewing them, are thought to shape visual perception. Although psychophysical studies have provided much evidence for such a bias (Previc, 1990; Yang and Purves, 2003) , related physiological evidence is rare, often limited to activity measurements across large-scale brain regions using conventional fMRI techniques (Furmanski and Engel, 2000; Nasr and Tootell, 2012a) . Here, we instead measured fMRI activity at a finer spatial scale (i.e., cortical clusters and columns) and demonstrated an association between (1) the level of vertical asymmetry in global perception (a phenomenon linked to higher relevance of low-SF visual feature in the LVF compared with the UVF) and (2) fMRI activity evoked within V3A near-and far-preferring clusters. This analysis at a smaller scale revealed cortical selectivity that would not have been visible at the larger spatial scale of conventional fMRI. Thus, our results highlight the insights available from studying fine-scale cortical structures in understanding the impact of natural scene statistics in shaping human behavior.
Functional organization of the visual system is shaped by statistics of natural scenes
The visual system processes many different stimuli, more or less concurrently. However, the relevance of different visual stimuli for survival can vary significantly. For instance, objects that are physically nearer to the observer are often more relevant for survival (in terms of both threat and food acquisition), compared with objects that are located farther away. Such "near" stimuli appear more frequently within the LVF compared with the UVF (Yang and Purves, 2003) . Consistent with this, previous studies in humans (Nasr and Tootell, 2018) and nonhuman primates (Ad-ams and Zeki, 2001; Tanabe et al., 2005; Chen et al., 2008) have shown that clusters of near-preferring neurons are more frequently distributed within those cortical regions that represent the LVF, compared with those that represent the UVF. This systematic variation in the distribution of depth-sensitive neural clusters may enable the visual system to more effectively allocate In contrast to near-and far-preferring clusters (Fig. 6 ), these areas did not show greater activity within dorsal compared with ventral depth-selective regions in response to lower-SF gratings. Similar results were also found when comparing the activity evoked within dorsal versus ventral portions of V2 and V3, regardless of their depth selectivity. These results ruled out the possibility that the asymmetry found in Experiment its limited neural resources across the visual field (Previc, 1990; Yang and Purves, 2003) . The current results extend those previous findings by demonstrating a differential visual processing within near-and farpreferring clusters. Specifically, it has been proposed that visual blurring increases the relevance of low-SF components in visual perception, especially at near rather than far distances (Previc, 1990) . Our findings of differential low-SF preference between near-and far-preferring clusters support the hypothesis that the human visual system may have "adapted" to the statistics of natural scenes by enhancing low-SF processing within near-preferring compared with far-preferring clusters. Our findings are also consistent with the interpretation that humans perceive near stimuli based more on spatially graded borders, compared with sharp borders (Marshall et al., 1996; Mather and Smith, 2000; Sprague et al., 2016) . Moreover, here we showed that the stronger low-SF response in near-preferring clusters, compared with far-preferring clusters, is not limited to 1-D gratings (Experiment 3). Rather, the bias extended to response to 3-D shapes, which were more naturalistic than the 1-D gratings. This generalization was evident despite the differences among (1) the spatial configuration, (2) the size of variation in stimuli used in Experiment 3 versus 4, and (3) the impact of these differences on the statistical analysis. Specifically, in Experiment 3, the 1-D stimuli covered a wider SF range compared with the 3-D stimulus used in Experiment 4. The results of Experiment 3 showed a significant interaction between the effects of SF ϫ cluster type, suggestive of a stronger effect of cluster type on low compared with higher SFs (Fig. 6) . In Experiment 4, we found only a significant effect of cluster type (rather than shape ϫ cluster type interaction; Fig. 8 ), likely due to the narrower range of variations in stimulus shape in this test compared with Experiment 3. Thus, the results of both experiments suggest a stronger preference for low SFs in near-preferring compared with far-preferring stimuli. Figure 8 . Stronger selectivity to lower SFs in 2-D stimuli in near-preferring compared with far-preferring clusters also generalizes to 3-D checks that are generated based on RDS. In V2, V3, and V3A, near-preferring clusters (red) show a stronger selectivity for larger 3-D checks, compared with far-preferring clusters (green). As in Figure 6 , area V3A here showed a preference for lower SFs compared with areas V2 and V3. Error bars represent 1 SEM.
Figure 9.
Response to RDS-based 3-D stimuli, with various check sizes measured within dorsal versus ventral regions of areas V2 and V3. In contrast to the difference between near-and far-preferring clusters (Fig. 8) , we did not find any significant difference between activity evoked within dorsal versus ventral regions, regardless of their depth selectivity. This result suggests that the stronger response to larger check sizes within near-preferring compared with far-preferring clusters (Experiment 4) is not a second-order phenomenon arising from a potential difference between activity evoked within dorsal versus ventral regions. Other details are similar to those in Figure 7 . 
Near versus far or dorsal versus ventral?
Here we report a stronger selectivity within near-preferring compared with far-preferring clusters in V3A at low SFs. However, in lower-tier areas (e.g., areas V2 and V3), near-preferring clusters are more frequently distributed within dorsal visual areas compared with ventral visual areas (Nasr and Tootell, 2018) . Therefore, it could be argued that this selectivity difference between near-and far-preferring clusters is a second-order phenomenon compared with low-SF selectivity differences between dorsal and ventral cortical regions.
To address this, we tested for a differential low-SF selectivity of dorsal versus ventral disparity-selective clusters, in all experiments. None of these tests showed a significant difference between activity evoked within dorsal versus ventral disparityselective clusters. Moreover, we found a higher low SF-selective response within near-preferring compared with far-preferring clusters of area V3A, in which there is no systematic dorsalventral difference in the distribution of near-and far-preferring clusters. Thus, it is highly unlikely that our main findings arise secondarily from a difference between dorsal and ventral regions.
Why V3A?
Sensitivity to horizontal binocular disparity is one important cue for visual depth (i.e., visual distance from the observer). Disparity-sensitive (stereoselective) activity has been reported in multiple visual areas, including V2, V3, V3A, and V4, in electrophysiological and imaging studies in nonhuman primates (Adams and Zeki, 2001; Hinkle and Connor, 2001; Thomas et al., 2002; Watanabe et al., 2002; Tsao et al., 2003; Chen et al., 2008; Anzai et al., 2011; Li et al., 2019) and in neuroimaging studies in humans (Tsao et al., 2003; Neri et al., 2004; Goncalves et al., 2015; Nasr et al., 2016; Nasr and Tootell, 2018) . In a previous study, by taking advantage of high-field, high-resolution neuroimaging techniques, we found that clusters of such disparity-selective neurons show a strong selectivity for low-SF visual components (Tootell and Nasr, 2017) . Interestingly, among the early retinotopic visual areas in humans, V3A showed the highest concentra-tion of disparity-selective columns (Tootell and Nasr, 2017) and is highly active in a broad range of disparity tests (Tsao et al., 2003; Neri et al., 2004; Bridge and Parker, 2007; Cottereau et al., 2011; Goncalves et al., 2015) . Furthermore, V3A showed a stronger low SF-selective response compared with lower visual areas V2 and V3 (Tootell and Nasr, 2017) .
The current results extend our previous findings in human V3A by showing a significant correlation between the disparityselective response within V3A (but not lower-stage areas) and the level of vertical asymmetry in global processing (measured behaviorally). These findings are consistent with previous studies that suggested a close link between activity evoked in human V3A (compared with the earlier visual areas) and the subjects' depth perception (Backus et al., 2001) .
Selective attention versus sensory processing
Multiple psychophysical studies have suggested that the stronger global processing in the LVF (compared with the UVF) is accompanied by relatively stronger attentional modulation in those regions that represent the LVF compared with the UVF (de Gonzaga Gawryszewski et al., 1987; Previc, 1990; Thomas and Elias, 2011) . Thus, one might also expect a stronger attentional modulation of activity in near-preferring compared with farpreferring neural clusters.
Our "sensory" hypothesis tested here (i.e., differential low-SF selectivity within near-vs far-preferring clusters) and the alternative hypothesis of "attention modulation" (also within near-vs far-preferring clusters) are not mutually exclusive. However, it is unlikely that our findings are solely due to differential attention modulation, for several reasons. Specifically, in our neuroimaging tests, the impact of attention was reduced by requiring our subjects to perform a "dummy" attention task, detecting a change in either color or shape in a small fixation target, regardless of the much larger stimuli on screen. Also, our stimuli were either 2-D, presented within the frontoparallel plane relative to the fixation spot (Experiment 3), or 3-D, spanning near and far distances over an equivalent range (Experiment 4). Therefore, such simple geometrical stimuli are not expected to evoke differential attentional modulation within near-versus far-preferring clusters. Furthermore, we did not find any significant difference between the activity evoked within those regions that represented the LVF versus those that represented the UVF, in either of our tests. Thus, it is unlikely that our findings solely reflected a differential impact of attentional modulation, in either near-versus farpreferring clusters or LVF versus UVF.
Nevertheless, it remains possible that the difference in low-SF selectivity between near-and far-preferring cluster is enhanced when a subject's attention is directed toward global processing. Similar effects have been reported at macroscopic (area/region) spatial scales within face-and scene-selective regions, during face and scene discrimination tasks (O'Craven et al., 1999; Nasr and Tootell, 2012b) . Further studies are required to clarify the effect of attention on the vertical asymmetry in global perception.
Limitations
Here we focused on a specific aspect of global-local processing, the interaction between the perception of upper and lower visual fields and spatial frequency. It is widely recognized that multiple additional visual cues can affect global and local processing, including holistic processing (Tanaka and Farah, 2003; Young et al., 2013) and/or motion coherence (Williams and Sekuler, 1984; Siegel and Andersen, 1988) . However, it is not yet known whether (or which of) these other cues show biases that are consistent with environmental constraints, as suggested here. Importantly, other biases in visual sensitivity also have been linked to environmental biases in natural image statistics (Furmanski and Engel, 2000; Sasaki et al., 2006; Rajimehr et al., 2011; Nasr and Tootell, 2012a; Nasr et al., 2014) . This supports the general hypothesis that the statistics of natural scenes help to shape neural processing within human visual cortex.
